gene and its projection to a specific glomerulus in the Department of Molecular and Cell Biology olfactory bulb. Individual olfactory neurons are believed Division of Neurobiology to express only one or a few odorant receptor genes University of California (Ngai et al., 1993a; Chess et al., 1994) . Each cell therefore Berkeley, California 94720 possesses a discrete functional identity based on the receptor(s) it expresses. How does an olfactory neuron select a specific gene from the enormous odorant receptor repertoire? In the catfish, cells expressing a given Summary receptor are distributed in an apparently random array throughout the olfactory epithelium (Ngai et al., 1993a).
Introduction opment (see Eisen, 1991a; Nusslein-Volhard, 1994) . Moreover, the zebrafish is especially attractive for The perception and discrimination of thousands of difstudying odorant receptor gene expression and olfacferent odorants by the vertebrate olfactory system retory neurogenesis, owing to the remarkable simplicity sults from the activation of specific olfactory neurons of its olfactory apparatus. Previous studies have demonwithin the olfactory epithelium of the nose (reviewed by strated that the zebrafish olfactory bulb contains only Lancet, 1986; Reed, 1992b) . Activity from these cells is ‫08ف‬ glomeruli (Baier and Korsching, 1994) , as compared then interpreted by the brain to identify the molecular with several thousand in mammalian species (Pomeroy identity of a given odorant stimulus. How is this process et al., 1990; Meisami and Sendera, 1993) , and at least of molecular recognition and sensory perception acone-quarter of these glomeruli are stereotyped in their complished? A large multigene family thought to encode morphologies and anatomical positions between bulbs odorant receptors was initially identified in the rat (Buck from conspecific zebrafishes. By analogy to the catfish, and Axel, 1991). The predicted structure of these recepwe also expect the zebrafish to possess a more limited tors exhibits a seven transmembrane domain topology odorant receptor repertoire as compared with those of characteristic of the superfamily of G protein-coupled mammals (Ngai et al., 1993b) . Thus, the numerical and receptors. The size of the odorant receptor repertoire anatomical simplicity of the zebrafish olfactory system in mammals appears to be extremely large and is estishould facilitate an analysis of the molecular and cellular mated to contain as many as 1000 individual genes basis of olfactory coding in a vertebrate species. (Buck and Axel, 1991; Levy et al., 1991; Parmentier et We have identified members of the zebrafish odorant al., 1992; Ben-Arie et al., 1994) . In the catfish, where the receptor gene family based on their homology with odornumber of perceived odorants is more limited, the size ant receptors from mammals and catfish (Buck and Axel, of the odorant receptor repertoire appears to be much 1991; Ngai et al., 1993b) . We find that the zebrafish smaller and may contain as few as 100 genes (Ngai et odorant receptor repertoire is numerically simple, on par al., 1993b).
with that of the catfish, which is thought to contain ‫001ف‬ The characterization of the family of odorant receptor genes (Ngai et al., 1993b) . Interestingly, an analysis of genes has allowed a molecular analysis of mechanisms odorant receptor gene expression during zebrafish deunderlying the coding of olfactory information (Strotvelopment reveals that the onset of receptor expression mann et al., 1992; Ressler et al., 1993 Ressler et al., , 1994 is asynchronous. We have identified at least three al ., 1993 Ngai et al., 1993a; Shepherd, 1994) . From classes of odorant receptors based on their timing of these analyses emerges a model wherein the ''hardwirexpression. Two classes are expressed during or soon ing'' of the peripheral olfactory system is dictated by an olfactory neuron's expression of a particular receptor after the time when the first olfactory neurons arise in the olfactory placode. In contrast, the third class of receptors arises late in development, after the time of hatching. These temporal waves suggest that the expression of odorant receptors is not strictly stochastic. Rather, the late appearance of a subset of odorant receptors may reflect the role of external cues in regulating the expression of specific receptors.
Results

Isolation and Characterization of Zebrafish Odorant Receptor Sequences
The isolation of zebrafish odorant receptor sequences was based upon their expected similarity to the odorant receptors previously identified in rats and catfish (Buck and Axel, 1991; Ngai et al., 1993b) . We performed the polymerase chain reaction (PCR) on zebrafish genomic DNA using degenerate primers corresponding to highly conserved regions surrounding the third transmembrane domain and from within the seventh transmembrane domain. PCR products were subcloned into plasmid vectors and subjected to DNA sequencing. Through an iterative process involving sequencing of cloned PCR products and using these cloned PCR inserts to backscreen a minilibrary constructed from PCR amplification products, we isolated and characterized PCR sequences that represent six distinct odorant receptor gene subfamilies. A gene subfamily is operationally de- in Figure 1 . As a group, the zebrafish odorant receptors (c32) (Ngai et al., 1993b) . The last 12 amino acids of the zebrafish show greatest sequence similarity to the odorant recepreceptor 2 sequence are missing owing to the presenceof an internal tors identified previously. The six zebrafish receptors XbaI restriction endonuclease site, which was used in the cloning exhibit from 19%-59% sequence similarity to each other of all PCR products into the plasmid vector. Each of the six zebrafish and contain short motifs that are found in all receptor receptor clones (receptors 1, 2, 6, 9, 10, and 13) represents a distinct gene subfamily. The predicted positions of the transmembrane dosequences. Many, but not all, of the sequence motifs mains are indicated (IV-VI). Amino acid residues common to at least conserved among the zebrafish receptors are also found four of the six zebrafish sequences are highlighted in black. The in the catfish sequences.
c32 sequence is also highlighted where amino acids are identical to conserved residues in the zebrafish receptors. Dashed lines under the c32 sequence indicate conserved positions within the family of Size of the Zebrafish Odorant Receptor Gene Family catfish odorant receptors described previously (Ngai et al., 1993b) .
To analyze the complexity of the zebrafish odorant receptor gene family, we performed genomic DNA blot hybridizations using the six odorant receptor PCR number of member genes per subfamily. Under conditions of reduced stringency, a total of ‫62ف‬ bands is clones as probes. DNA blots were prepared from zebrafish genomic DNA digested with restriction endonucleidentified with the six receptor probes in genomic DNA blots (data not shown). ases, HindIII or XbaI, and hybridized to individual cloned receptor PCR probes. Since neither enzyme cleaves within any of the PCR sequences we have isolated, the Expression of Odorant Receptors in the Adult Zebrafish Olfactory Epithelium number of genomic fragments identified with these probes should closely approximate the number of hoWe performed RNA in situ hybridizations with adult olfactory tissue to verify that the zebrafish odorant recepmologous genes in the genome. Under standard hybridization conditions, the six receptor probes hybridize to a tor sequences we have identified are indeed expressed in olfactory neurons. To facilitate the identification of total of ‫51-21ف‬ bands in either restriction endonuclease digest (Figure 2 ). Receptors 2 and 9 each identify a the olfactory epithelium in our histological preparations, we amplified a fragment of the zebrafish olfactory cyclic single band, suggesting that these receptor genes exist as unique sequences in the zebrafish genome. The renucleotide-gated cation channel by PCR (see Experimental Procedures). This amplification product was then maining receptor probes detect 2-5 bands each, suggesting that these receptor subfamilies contain a similar cloned, sequenced, and used as a probe in RNA in situ derived from a multigene subfamily will detect other members of that subfamily. We find that the six odorant receptor sequences described in Figure 1 are expressed in small subsets of cells within the olfactory epithelium ( Figures 3C-3H ). An analysis of the number of receptor-positive cells detected in serial sections of entire adult olfactory rosettes indicates that the number of cells expressing sequences complementary to each receptor probe ranges from ‫002ف‬ to ‫0001ف‬ cells per rosette (Table 1) . There are ‫0001ف‬ cells expressing receptor 2 per rosette, which comprise 2.5% of the olfactory neurons, as determined by double-label in situ hybridization with receptor 2 and olfactory channel probes. Thus, the individual receptor probes used in this study each identify 0.5%-2.5% of the neurons in the adult olfactory epithelium. These results are comparable to those obtained pre- dispersed throughout the olfactory epithelium. While the topography of odorant receptor expression in the zebrafish has not been rigorously examined by three-dimenhybridizations. The olfactory cyclic nucleotide-gated sional reconstruction techniques, these observations channel is expressed in mature olfactory neurons and suggest that, as previously found in the catfish (Ngai et thus serves as a useful marker for these cells (Nakamura al., 1993a) , specific olfactory neurons (defined by the and Gold, 1987; Goulding et al., 1992) . As in other fish receptors they express) are distributed randomly within species, the zebrafish olfactory epithelium is organized the epithelium. in two bilaterally paired structures known as olfactory rosettes. The rosette is a multilamellar structure wherein the individual epithelial sheets, or lamellae, appear to Ontogeny of the Zebrafish Olfactory Epithelium emanate from a central raphe (see Hara, 1975; The ontogeny of the zebrafish olfactory system has been al., 1993a). In horizontal sections of an adult zebrafish described in detail previously (Hansen and Zeiske, head, the lamellae of the rosette appear as finger-like 1993). Briefly, the olfactory epithelium arises embryologprojections from the raphe (see Figure 3) . Tissue secically from the olfactory placodes (see Figures 4A and tions containing olfactory rosettes were annealed with 4B). In the zebrafish, the olfactory placodes first appear a 33 P-labeled antisense RNA probe for the zebrafish olat 14-16 hr postfertilization (6-10 somites) as bilaterally factory cyclic nucleotide-gated cation channel, washed, paired thickenings of subepidermal ectoderm at the rosand exposed to photographic emulsion. As shown in tral-ventral region of the head, between the developing Figure 3A , olfactory neurons identified with the olfactory forebrain and the optic vesicles. By ‫42ف‬ hr postfertilizachannel probe are found in the medial portion of each tion (20 somites), axons have emerged from the placodal lamella, occupying the region adjacent to the raphe. cells and appear to make contact with the forebrain. This region, comprising the olfactory epithelium proper, Fasciculation of axons emerging from the olfactory placis surrounded by an indifferent, nonsensory epithelium, ode is evident by 36 hr, and glomerular fields have been which is devoid of any olfactory neurons. observed in the forebrain by 2-3 days of development We next carried out double-label RNA in situ hybrid- (Wilson et al., 1990) . Hatching occurs at ‫27ف‬ hr postfertilizations with a 33 P-labeled antisense RNA probe for reization. ceptor 2 (a single copy gene in the zebrafish genome)
We utilized the olfactory cyclic nucleotide-gated catand a digoxigenin-labeled antisense RNA probe for the ion channel as a marker for the appearance of olfactory olfactory cyclic nucleotide-gated cation channel. Figure  neurons in the developing olfactory placode. Zebrafish 3B demonstrates that receptor 2 is expressed within the embryos were harvested at 12, 16, 24, and 30 hr postferolfactory epithelium of the olfactory rosette and colocaltilization; tissue sections from these embryos were preizes to a subset of olfactory neurons. Quantitation of pared for RNA in situ hybridization using a S-, and digoxigenin-labeled antisense RNA probes and subjected to chromogenic development to localize digoxigenin-labeled probe and/or to autoradiography to localize radioactive probe. (A) Low power dark-field micrograph of an in situ hybridization with a 33 P-labeled probe specific for the olfactory cyclic nucleotide-gated cation channel. Hybridization is restricted to the medial portions of the lamellae in the bilaterally paired olfactory rosettes and therefore defines the area comprising the olfactory epithelium (oe). The anterior tip of the animal's snout is pointing toward the upper left-hand corner of the panel. Bar, 200 m. (B) Double-label in situ hybridization using a 33 P-labeled probe for receptor 2 and a digoxigenin-labeled probe for the olfactory cyclic nucleotide-gated channel. In this bright-field micrograph, olfactory channel RNA is localized by a histochemical chromogenic reaction that leaves a bluish-purple precipitate within the positive cells; cells expressing receptor 2 RNA are identified by the overlying dark grain clusters. (C-H) RNA in situ hybridizations using 33 P-or 35 S-labeled probes specific for the following receptors or receptor subfamilies: receptor 2 (C), receptor 1 (D), receptor 6 (E), receptor 9 (F), receptor 10 (G), and receptor 13 (H). Tissue sections were visualized with simultaneous differential interference contrast (DIC) and dark-field optics. Autoradiographic silver grains corresponding to receptor-specific hybridization appear as bright signals in these micrographs. Bar, 100 m for (B-H).
Developmentally Regulated Expression of
through several weeks postfertilization and prepared for RNA in situ hybridizations. To maximize the sensitivity Zebrafish Odorant Receptors As an approach toward elucidating the mechanisms unof our assays for odorant receptor gene expression, and therefore to minimize the possibility of overlooking low derlying the regulation of odorant receptor gene expression, we analyzed the expression of zebrafish odorant levels of receptor expression early in development, we elected to perform in situ hybridizations on tissue secreceptor RNAs during embryonic and early larval development. Zebrafish embryos were harvested from 12 hr tions with 33 P-and 35 S-labeled antisense RNA probes. Odorant receptor expression is first detected in the olfactory placode at 30 hr postfertilization (Figures 5 and 6). Probes for receptors 1, 2, and 9 each detect a small number of cells at this time point, whereas no signal is detected at 24 hr. Expression of these receptors therefore commences sometime between 24 and 30 hr. By 36-48 hr of development, the number of signals increases dramatically, and sections of olfactory placodes containing multiple receptor-positive cells are observed. In situ hybridizations for receptor 1 at 30-120 hr are weeks of development (see below), long after the time of hatching. probe was calculated and tabulated in Table 2 . Signals Our in situ hybridizations suggest that the odorant for receptors 1, 2, and 9 are observed in 3%-13% of receptor genes may be activated at different times of the olfactory placode sections at 30 hr of development, development. To define further the temporal patterns of and the frequency of positive placode sections inodorant receptor gene expression, we analyzed our data creases to 17%-48% by 36 hr. The level of receptorin the following way. Radioactive in situ hybridizations positive sections remains high (31%-68%) through 120 were carried out on 10 m tissue sections containing hr of development. Expression of these receptor substaged embryonic material. A positive control, confamilies persists through several weeks of development sisting of adult olfactory epithelium, was included in (data not shown) and adulthood (see Figures 3B-3D each experiment. Following autoradiography, slides and 3F). were coded and scored blind. Slides were first carefully While all six of the receptors we have examined are scanned under bright-field optics to identify tissue secexpressed in the adult (see Figure 3) , the onset of extions containing olfactory placodes. Whenever a portion pression for receptors 6, 10, and 13 shows different of an olfactory placode was identified, it was next examkinetics than that of receptors 1, 2, and 9. The probe ined under dark-field optics to determine whether any for receptor 13 detects only a small number of cells receptor-specific hybridization was present. A total of through 36 hr of development (0%-0.5% receptor-posi-‫0094ف‬ olfactory placode sections (representing 500-tive sections; Table 2 ). Expression of receptor 13 is then 1000 olfactory placodes, each of which is 50-100 m dramatically induced by 48 hr, when 23% of olfactory thick) were identified and examined for receptor expresplacode sections exhibit expression of receptor 13 RNA. sion at 24, 30, 36, 48, 72, and 120 hr postfertilization. For This expression is maintained at 72 hr (27% positive statistical analysis, data were compiled from numerous sections) and 120 hr (60% positive sections). Surprisexperiments and binned by slides to control for any ingly, the probe for receptor 6 fails to detect any cells experimental variation from slide to slide; each slide from 24 through 72 hr postfertilization (672 olfactory typically contained tissue sections representing material placode sections scored), and only 4% of olfactory placfrom about 10 different olfactory placodes (see Experiode sections are found to contain receptor 6-expressing mental Procedures for details). For each receptor time cells at 120 hr. Receptor 10 also identifies a low number point, the mean percentage of olfactory placode secof positive sections through 120 hr of development, with 0%-5% of sections positive at 24, 30, 48, 72, and 120 tions that exhibit cells hybridizing to a given receptor In situ hybridizations were performed with a 33 P-labeled probe for receptor 1, which was annealed with tissue sections from zebrafish embryos harvested at 30 hr (A), 36 hr (B), 48 hr (C), 72 hr (D), and 120 hr (E) of development. Following autoradiography, sections were viewed by DIC optics. Arrowheads indicate silver grain clusters corresponding to hybridization of probe to cells in the olfactory placode. The inset in (E) is a micrograph using simultaneous DIC and dark-field optics to enhance the hybridization signal in the placode (the region represented by the insert is indicated with the large arrow), which is somewhat obscured in the micrograph using DIC optics alone. Bar, 100 m.
hr. Curiously, 11% of the olfactory placode sections 6 and 10 increase in their frequency, we quantitated receptor-specific in situ hybridization signals from juveare positive with receptor 10 probe at 36 hr, perhaps reflecting a transient accumulation of cells expressing nile zebrafish. We observe that the frequency of these cells increases dramatically by 2-4 weeks of developreceptor 10 (or receptor 10 subfamily members) at this time point. ment, with ‫%03ف‬ of identified olfactory epithelium sections exhibiting positive cells at these times (Table 3 ; Figure 7 ).
Comparison of Odorant Receptor Expression in the Adult and Embryo
Our results clearly demonstrate an asynchrony in the appearance of cells expressing distinct odorant recepWe next examined the possibility that certain receptors are detected only later in development because they tors in the developing zebrafish olfactory system. However, our method of scoring receptor-positive olfactory are expressed in a smaller fraction of neurons than the ''early'' class of receptors. Cells from the ''late'' class placode sections does not account for an increase in cell number in the placode during development. Thus, might then escape detection in the early placode simply because they are present in relatively low numbers. a direct determination of the fraction of cells expressing a particular receptor is precluded from the data tabuHowever, a comparison of the frequency of specific receptor-positive cells in the adult with the apparent onset lated in Table 2 . To address this issue, we performed a preliminary analysis of the percentage of total olfactory of expression rules this out. For example, the onset of receptor 1 expression occurs between 24 and 30 hr of placode cells expressing RNA complementary to a representative receptor probe. From an in situ hybridization development (see Table 2 ) and is found in ‫081ف‬ cells per adult olfactory rosette (see Table 1 ). By contrast, experiment performed with receptor 1, the number of positive signals and the total number of cells were the first onset of receptor 6 expression is not detected until 120 hr, yet the number of cells expressing this counted in 9-13 random olfactory placode sections at 36, 48, 72, or 120 hr (corresponding to ‫0041-0021ف‬ total receptor in the adult is equivalent to the number expressing receptor 1. Moreover, receptors 1, 2, and 9 are olfactory placode cells per time point; data not shown). We find that 0.6%-1% of the olfactory placode cells are all detected by 30 hr, yet they are found in a disparate number of neurons in the adult (183, 1034, and 277 cells positive at each time point. While not directly comparable with the frequency of positive cells in the adult, this per adult olfactory rosette, respectively; see Table 1 ).
Interestingly, while cells expressing receptors 6 and value is in accord with the fraction of neurons expressing sequences complementary to receptor 1 in the adult 10 (or their subfamily members) are sparse through 120 hr postfertilization as compared with those expressing epithelium; ‫%5.0ف‬ of the olfactory neurons in the adult hybridize to the probe for receptor 1 (roughly one-fifth other receptors (see Table 2 ), they are each detected in ‫004-002ف‬ cells per adult rosette. To determine when as many cells are labeled by the probe for receptor 1 as for receptor 2, with the latter comprising 2.5% of the neurons expressing genes complementary to receptors olfactory neurons; see Table 1 ; Figure 3 ). These results Recent investigations in the mouse and rat have shown that olfactory neurons expressing a given receptor consuggest that, once expression is fully activated, the fraction of cells expressing a given receptor remains fairly verge precisely to one or a few glomeruli in the olfactory bulb (Ressler et al., 1994; Vassar et al., 1994) . The impliconstant, even though the absolute size of the olfactory epithelium increases through development.
cation that each glomerulus receives 1:1 input from just a single class of olfactory neurons (as defined by the receptor that class expresses) is consistent with a correDiscussion lation of the number of glomeruli ‫0002ف(‬ per adult rodent olfactory bulb; Pomeroy et al., 1990; Meisami and SenWe have isolated six representative subfamilies of zebrafish odorant receptors using PCR based upon predera, 1993) and the presumed number of odorant receptor genes ‫0001ف(‬ per genome; Buck and Axel, 1991 ; viously identified receptor sequences from rats and catfish (Buck and Axel, 1991; Ngai et al., 1993b) . Under Levy et al., 1991; Parmentier et al., 1992; Ben-Arie et al., 1994) . It is tempting to speculate that such a correlation conditions of reduced stringency, these sequences together identify only ‫62ف‬ bands in genomic DNA blots.
would apply to the zebrafish olfactory system as well, where each olfactory bulb contains ‫08ف‬ glomeruli (Baier period when a large number of cells begin to show morand Korsching, 1994). While the absolute size of the phological characteristics distinctive of olfactory neuzebrafish repertoire remains unknown at this time, from rons, such as apical cilia and microvilli, as well as fascicour genomic blot analysis with these six representative ulated axonal processes extending toward the forebrain receptor sequences, together with the anatomic organi- (Hansen and Zeiske, 1993) . A second temporal class of zation of the zebrafish olfactory bulb, we estimate that receptors, which includes receptor 13, appears in the the zebrafish odorant receptor repertoire encodes on placode between 36 and 48 hr. Expression of a third the order of 100 individual genes.
class, represented by the receptor 6 subfamily, is not induced until 120 hr, following the time of hatching. Interestingly, the frequencies of cells expressing the reExpression of Odorant Receptor Genes in the ceptor 6 and receptor 10 subfamilies remain relatively Developing Olfactory Placode low until ‫4-2ف‬ weeks of development, at which time To investigate the molecular events that occur during there is a dramatic increase in their numbers. In spite olfactory neurogenesis, we have examined the patterns of these differences in the timing of receptor gene actiof odorant receptor gene expression during the developvation, a comparable number of cells in the adult epithement of the zebrafish olfactory placode by RNA in situ lium were found to express sequences complementary hybridizations. Expression of the first temporal class of to each of the probes used in this study (several hundred receptors, represented by receptors 1, 2, 9, and 10, is to ‫0001ف‬ positive cells per olfactory rosette). detected by 30 hr postfertilization, corresponding to a Our in situ hybridization experiments indicate that odorant receptor expression temporally follows the period when the olfactory cyclic nucleotide-gated channel tion is supported by two observations. First, our studies n ϭ 2 nϭ1 nϭ4 nϭ1
have revealed multiple temporal classes of odorant re-
ceptors, such that individual receptor genes are ex-
pressed in the zebrafish olfactory placode or epithelium n ϭ 2 nϭ2 n ϭ 1 (36)
at different stages of development. Second, in the rodent, odorant receptors are expressed in the olfactory onset of specific odorant receptor gene activation in the zebrafish embryo at 30 hr probably reflects the appearposition in the sensory epithelium. In the olfactory system, however, the location of a neuron in the olfactory ance of these receptors within olfactory neurons or neuronal progenitors that had only recently begun their difepithelium neither predicts nor dictates the expression of a particular odorant receptor, and therefore does not ferentiation process.
Our conclusions regarding the timing of odorant reconfer upon that neuron its specific functional identity. Rather, cells expressing a given receptor appear to be ceptor gene expression should be tempered by the following considerations. First, it is formally possible that randomly distributed throughout the entire olfactory epithelium in fish (Ngai et al., 1993a ) and distributed among odorant receptor genes are expressed early in development at levels below the detection limits of our in situ a small number of broad zones in mammals (Ressler et al., 1993; Vassar et al., 1993) , suggesting that the hybridizations. We estimate that our in situ hybridizations are capable of detecting a signal roughly one-fifth expression of individual odorant receptor genes is specified stochastically by olfactory neurons or their progenito one-tenth as intense as the signal observed from an olfactory neuron in the adult. The intensities of signals tors (Ngai et al., 1993a; Chess et al., 1994; Lewin, 1994) . However, asynchrony in receptor expression in the dein zebrafish olfactory neurons are comparable to those observed in the catfish, where a given odorant receptor veloping zebrafish olfactory epithelium suggests that the regulation of specific odorant receptor genes does RNA is expressed at ‫002-001ف‬ copies per cell (Ngai et al., 1993b) . Thus, while receptor expression may indeed not occur by a purely stochastic mechanism. In the rodent, zones of odorant receptor expression be activated prior to 30 hr of development, the messages for these genes would be limited to р10-20 copies per are already defined in the olfactory epithelium when receptors first appear during embryogenesis (Nef et al., cell, far below their ultimate level of expression in mature cells. Second, the apparent asynchrony of receptor ex-1992; Strotmann et al., 1995) . By contrast, odorant receptor expression in the zebrafish exhibits temporal pression may in fact be due to the activation of all odorant receptor genes early in development, with the subserather than spatial segregation. Thus, both systems display some level of restriction on receptor gene expresquent differential survival of neurons expressing distinct receptor genes. This alternative interpretation predicts sion; the mechanisms underlying receptor choice are therefore not purely stochastic in either case. Our obserthat there exists in the early olfactory placode a shortlived population of neurons that express the ''late'' temvations in the developing zebrafish suggest that external cues arising at different times in development may reguporal classes of receptors. However, the absence of any cells expressing receptor 6 from 30 through 72 hr, or late the process of receptor gene regulation. receptor 13 at 30 hr, precludes this possibility (see Table 2 ).
Regulation of Odorant Receptor Gene Expression and the Logic of Olfactory Coding
Previous studies have shown that an individual olfactory Asynchronous Onset of Odorant Receptor Expression: Nonstochastic Determination of neuron expresses only one or a few odorant receptor genes (Ngai et al., 1993a; Ressler et al., 1993 ; Chess et an Olfactory Neuron's Functional Identity In most sensory systems, the functional identity of a al., 1994). Cells with common receptor specificities in turn converge to a small number of glomeruli in the primary sensory neuron is largely defined by the cell's olfactory bulb (Ressler et al., 1994; Vassar et al., 1994) , patterns of their projections in the olfactory bulb? Recent studies have shown that olfactory neurons expresssuggesting that spatial patterns of innervation in the olfactory bulb are used to encode olfactory information.
ing the same odorant receptor converge upon only one or a few glomeruli in the rat and mouse (Ressler et al., The logic underlying olfactory coding is therefore a direct consequence of the exquisite selectivity of odorant 1994; Vassar et al., 1994) . Our observation of asynchronous odorant receptor expression suggests that the inreceptor gene regulation and the concomitant targeting of specific olfactory neurons in the olfactory bulb. How, nervation of individual glomeruli by specific olfactory neurons in the zebrafish proceeds sequentially during then, is a single odorant receptor selected from the enormous repertoire of genes? In principle, this problem development. can be reduced in a hierarchical model, where only a small fraction of receptor genes are competent for tran- (Buck and Axel, 1991; Ngai et al., 1993b) , as described previously (Ngai et al., 1993b) . The upstream primers correfound to be clustered in the human genome (Reed, spond to the amino acid sequences VMAYDR or DRYVAIC, which 1992a; Ben-Arie et al., 1994) . It is tempting to speculate follow the third transmembrane domain, and the downstream primer that receptor genes that reside within the same genomic corresponds to the amino acid sequence MLNPFIY within the sevlocus constitute a temporal class in the developing zeenth transmembrane domain (Ngai et al., 1993b) .
brafish. Developmentally regulated cues might then
For genomic DNA blot analysis, zebrafish DNA was digested sepaallow the transcription of these genes at specific times rately with HindIII and XbaI, electrophoresed on a 1% agarose gel, and blotted onto Genescreen Plus or Nytran filters. Hybridizations through the action of a locus control region (Grosveld were performed at 42ЊC overnight (standard stringency: 50% for- et al., 1987; Chess et al., 1994) . Transcription of one mamide, 5ϫ SSC; low stringency: 30% formamide, 5ϫ SSC); final gene from among those in the cluster could then be washes were performed at 42ЊC with 0.1ϫ SSC, 0.2% SDS (standard effected through some stochastic selection mechanism stringency) or 2ϫ SSC, 0.2% SDS (low stringency). (Chess et al., 1994) . Physical mapping of odorant receptor genes in the zebrafish genome should provide some derive from a local source, perhaps the olfactory bulb or the olfactory epithelium itself. Possible local cues
RNA In Situ Hybridizations
Olfactory receptor and channel RNAs were localized by in situ hymight include specific growth factors, neurotransmitbridization (Wilkinson et al., 1987a (Wilkinson et al., , 1987b as described (Goulding ters, or cell-cell contacts. Heterochronic transplantation et al., 1992) . Antisense RNA probes labeled with 35 S or 33 P were approaches may prove to be useful in identifying the synthesized and hybridized to 10 m thick paraffin sections. Slides mechanisms that dictate the expression of specific rewere washed at high stringency, exposed to Kodak NTB-2 emulsion, ceptors at different times of development.
developed after 3-12 weeks, and stained with toluidine blue O.
How might the asynchronous appearance of olfactory Double-label in situ hybridizations were performed using 33 P-and digoxigenin-labeled RNA probes, essentially as described for in situ neurons expressing specific odorant receptors relate to hybridization using digoxigenin-labeled probes (Schaeren-Wiemers Siegelbaum, S.A., and Chess, A. (1992) . Molecular cloning and single-channel properties of the cyclic nucleotide-gated channel from and Gerfin-Moser, 1993 
